Previous conductance would be an effective transduction mechanism in receptor cells only if the majority of K+ channels were located on the apical membrane. We have used a combination of "loose-patch" and whole-cell recording methods to map the distribution of voltagk-sensitive K+ and Na+ channels on dissociated Necturus maculosus taste cells. We report here that the K+ conductance is -50-fold greater on apical membrane than on basolateral membrane, whereas the Na+ conductance is distributed evenly. The marked nonuniformity ofthe voltagesensitive K + conductance, together with the block of this conductance by sour stimuli, indicates that K+ current modulation is the mechanism of sour taste transduction.
that taste receptor cells exhibit a variety of voltage-dependent conductances and that acids reduce a voltage-dependent K+ current. Since taste stimuli are restricted to the apical surface of the intact tongue, only 1-2% ofthe taste receptor cell surface is exposed to chemical stimuli. Thus, modification of a K+ conductance would be an effective transduction mechanism in receptor cells only if the majority of K+ channels were located on the apical membrane. We have used a combination of "loose-patch" and whole-cell recording methods to map the distribution of voltagk-sensitive K+ and Na+ channels on dissociated Necturus maculosus taste cells. We report here that the K+ conductance is -50-fold greater on apical membrane than on basolateral membrane, whereas the Na+ conductance is distributed evenly. The marked nonuniformity ofthe voltagesensitive K + conductance, together with the block of this conductance by sour stimuli, indicates that K+ current modulation is the mechanism of sour taste transduction.
Taste receptor cells are neuroepithelial cells that reside within taste buds of the lingual epithelium. Taste stimuli interact with the apical membrane of the receptor cells, resulting in depolarization of the taste cell membrane and initiation of neural activity in sensory afferents below the lingual surface (1) (2) (3) (4) (5) . Little is known about the primary transduction mechanisms involved in receptor cell stimulation, although the possible involvement of cAMP-dependent protein kinase has recently been described (6, 7) .
Previous studies have shown that Necturus taste cells are electrically excitable and possess a variety of voltagedependent conductances, including those for Na', Ca2+, and K + (8) (9) (10) (11) . Several experiments suggested the involvement of a K + conductance in the response ofmudpuppy taste cells to sour taste stimuli (weak acids). Intracellular recordings from taste cells of intact lingual epithelium showed that the action potentials elicited by weak acids were abolished by the K+ channel blocker tetraethylammonium (Et4N+) (12) . In isolated taste cells, whole-cell voltage-clamp recordings revealed that sour stimuli reduced a voltage-dependent K+ current (10) . However, weak acids also reduced the voltagedependent Na+ and Ca2 +currents in taste cells (10) . In fact, the reduction of membrane conductances by weak acids is a general feature of ion channels that appears to be exhibited in many types of cells (13) . Thus the observation that K + conductance in taste cells is modulated by weak acids is insufficient to establish this as the mechanism of sour taste transduction. If direct acid attenuation of K + channel activity is to be an effective transduction mechanism, a significant fraction of the channels must reside in the apical membrane (representing only 1-2% of the total membrane area), where they will be exposed to sour taste stimuli.
In this study, we have used a combination of "loosepatch" and whole-cell recording to map the distribution of K+ channels and Na+ channels on the membrane of isolated Necturus maculosus taste receptor cells. We report that voltage-dependent K + conductance is nearly 50-fold greater on the apical membrane than on basolateral membrane, whereas Na' conductance is nearly uniformly distributed. These results strongly suggest that K + current modulation is the mechanism of sour taste transduction. METHODS Cell Isolation. The detailed isolation procedure is described elsewhere (14) . Briefly, isolated taste cells were prepared by first removing the nongustatory surface epithelial cell layer with collagenase treatment, which leaves the taste buds as isolated mounds adhering to the underlying connective tissue. The taste buds were dissociated with Ca2 +-free amphibian physiological saline (APS) solution containing EGTA (0.5 mM). To label the apical portion ofthe dissociated taste cells, fluorescein isothiocyanate-conjugated wheat germ agglutinin (FITC-WGA; 0.5 mg/ml) was added to the apical surface of the lingual epithelium for 15 min prior to peeling the epithelium from the underlying connective tissue. Fig. 1 Upper illustrates that the apical surface of dissociated taste cells could be identified under fluorescent illumination as a glowing spot (g spot) associated with a spherical bleb ofmembrane at the tip of an elongated process. In addition to taste cells, the preparation also contained basal cells, which could be distinguished from taste cells on the basis of morphology and the lack of FITC-WGA labeling.
Recording Procedures. Fig. 1 Lower illustrates the method used to map the distribution of Na+ and K+ currents in the different regions of membrane, a method that was adapted from a similar procedure used to map ionic currents of the hair cell membrane (15) and molluscan neurons (16) . A tight-seal patch pipette was used in the whole-cell mode to apply voltage steps to, and measure currents from, the entire taste cell membrane. A second loose-patch pipette (3-to 4-,um tip diameter) was used to measure that portion of the whole-cell current that was flowing across small patches at various locations on the taste cell membrane. Whole-cell patch pipettes were pulled from microhematocrit capillary glass. The TTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. were measured by using a conventional patch-clamp amplifier with a 500-MU feedback resistor. A laboratory computer system (Indec, Sunnyvale, CA) was used to generate all voltage commands and to record currents. Loose-patch pipettes were manufactured from borosilicate glass and polished to a tip diameter of 3-4 Am. Loose-patch pipettes were filled with APS and had resistances of 0.8-1.3 MU. The loose-patch pipette was pressed against the surface of the cell until resistance approximately doubled. Suction (usually =30 cm of H20) was then applied to the lumen of the pipette to increase the seal resistance to 2-10 MU. The loose-patch current was measured by using a conventional patch-clamp amplifier with a GU feedback resistor. The whole-cell and the loose-patch current signals were low-pass filtered at 5 kHz before being digitized at 100-pks intervals. Loose-patch current records were computer averaged from 16 individual current traces. Data were obtained from a total of 19 taste cells, 8 of which were mapped in more than one location with the same loose-patch pipette. The locations mapped included apical (on the glowing spot), near-apical (within 5 ,m of and overlapping with the glowing spot), and basolateral. Solutions (mM) were as follows: APS: NaCl, 110; KCl, 2; CaCl2 At the arrow, citric acid was focally applied to the apical region of the taste cell by administering a 20-to 50-ms pulse of pressure (indicated by arrow) to the back of a puffer pipette (tip diameter, -1 ,m) containing 1 mM citric acid; the pipette tip was placed -10 A.m from the apical region of the cell. The pipette also contained fast green so that the bolus ejected from the pipette tip could be visualized (fast greed alone had no effect on membrane properties of taste cells). Two superimposed responses to acid are shown: an action potential was elicited when the bath contained only APS; the action potential was blocked when 10 mM Et4N + was added to the bath. Holding current was adjusted to produce a membrane potential of -68 mV prior to application of acid. (B) Whole-cell current responses of a different taste cell measured under voltage-clamp. The currents were evoked by a 1-s voltage step to + 80 mV from a holding potential of -100 mV. In normal saline (upper panel), the superimposed traces show that the test step evoked a large K + current (control) that was greatly reduced when acid was applied (arrow) during the test step. In saline + 10 mM Et4N' (lower panel), the voltage-evoked K+ current and the response to acid were essentially blocked. The puffer pipette contained 1 mM citric acid and fast green, as described above.
conditions isolated taste cells responded to a brief application of citric acid (1 mM in a puffer pipette; a concentration that tastes weakly sour to humans) with an action potential (9, 10) followed by a prolonged depolarizing afterpotential ( Fig. 2A) . When 10 mM Et4N+ (a K+ channel blocker) was added to the saline bathing the cell, the response to acid was greatly reduced. The effect of acid on the whole-cell voltagesensitive K+ current was revealed under voltage-clamp conditions (Fig. 2B) . In normal saline a step from the holding potential to + 80 mV elicited a large outward K+ current; application of citric acid (arrow) during the test pulse considerably attenuated the current. In the presence of Et4N + Neurobiology: Kinnamon et al.
the voltage-sensitive K+ current was absent and citric acid had little effect. The results of these and previous studies (10, 12) illustrate that a voltage-dependent K+ current is modulated during sour taste stimulation.
To determine if the voltage-dependent K+ current is restricted to the apical membrane, as would be necessary for a transduction mechanism, K + current was mapped using a combination of whole-cell and loose-patch recording techniques. Fig. 3 illustrates K+ currents recorded from nearapical (Fig. 3A) and basolateral (Fig. 3B) regions of the same taste cell. In each panel the upper trace represents the whole-cell current and the lower trace represents the loosepatch current. Potassium currents were evoked by a depolarizing voltage step to + 80 mV from a holding potential of -100 mV. In this particular taste cell 409o% of the whole-cell current was recorded by the loose-patch pipette in the near apical region of the taste cell (Fig. 3A) , whereas only 0.2% of the whole-cell current was recorded by the loose-patch pipette in the basolateral region of the taste cell (Fig. 3B ). Similar differences in K + current distribution were found in all taste cells examined. Moreover, the differences were much larger when the loose-patch pipette was located di- rectly on the glowing spot. In one taste cell =-33% of the whole-cell current was recorded by the loose-patch pipette under this condition. Fig. 4 illustrates Na' currents recorded from near-apical (Fig. 4A) and basolateral (Fig. 4B) regions of a taste cell. The whole-cell pipette contained CsCl to block K+ currents. Again, upper traces represent the whole-cell current and lower traces represent the loose-patch current. Na+ currents were evoked by a depolarizing voltage step to -20 mV from a holding potential of -100 mV; Na+ currents usually peak at -20 mV in taste cells and Ca2+ currents require stronger depolarizations for activation (10) . In this cell -2% of the whole-cell Na+ current was recorded by the loose-patch pipette in the near-apical and basolateral regions of the taste cell. This particular taste cell was mapped in five different locations, three basolateral and two near-apical, and the loose-patch current did not vary significantly from one region to another. These data suggest that Na+ current, unlike K+ current, is relatively evenly distributed and that "hot spots" of Na+ current, as have been reported for frog skeletal muscle (17) , probably do not exist on the membrane.
The data from all taste cells mapped are summarized in Fig.  5 . They indicate that nearly all of the voltage-activated K+ conductance is found in the apical region of these cells. For example, on average nearly 20% of the whole-cell K + current was localized in small membrane patches identified as apical membrane, a value that is -50 times higher than that for the holding potential was -100 mV and current was recorded in response to a step to + 80 mV; pulse duration was 17.5 ms. The test currents were corrected for linear capacitative and leak current by digital scaling and subtraction of a control current elicited by a 25-mV depolarizing step from the holding potential. Loose-patch current was corrected in all records for seal resistance using the formula: ip = ilP(Rp + R,)/R,, where ip = calculated loose-patch current, ilP = measured loose-patch current, Rp + pipette resistance, and R, = loose seal resistance. whole-cell current and the lower traces represent computer-averaged loose-patch current. The holding potential was -100 mV and current was recorded in response to a voltage step to -20 mV; pulse duration was 17.5 ms. The whole-cell pipette contained CsCl to block K+ currents. The current traces were corrected for leak and linear capacitative currents (see Fig. 3 legend) . Summary of the distribution of K+ and Na' currents in apical, near-apical, and basolateral regions of taste cells. Mean loose-patch current for each region is expressed as a percentage of the whole-cell current. Leak currents were not subtracted from either whole-cell or loose-patch currents, but loose-patch current was corrected for seal resistance (see Fig. 3 legend) basolateral region. In addition, a significant fraction of K+ current was measured in membrane regions identified as near-apical. Mapped membrane patches were classified as apical only if the tip of the loose-patch pipette was located entirely within the glowing spot. Thus, many of the nearapical patches included some apical membrane. In all cases the openings of our loose-patch pipettes were smaller than the area of the g spots. In contrast to K + current, 2-3% of the whole-cell Na+ current was found in each region mapped. If one assumes that Na+ channels are evenly distributed, then one would predict that =0.4% of the whole-cell Na' current would be recorded by the loose-patch pipette ("l0-jum2 tip area) in a typical taste cell containing 2500 pLm2 of membrane ( Fig. 2A) . One possible reason for the discrepancy between the calculated and measured loose-patch Na+ currents is that a large amount of membrane is pulled into the loose-patch pipette when suction is applied to the pipette. This phenomenon has been observed during loose-patch recording from muscle (18) .
DISCUSSION
The main conclusion from the present study is that nearly all of the voltage-dependent K + conductance is restricted to the apical membrane of Necturus taste receptor cells. Although the apical membrane contains microvilli (19) , which would increase the surface area in this region, this does not account for the huge nonuniformity of K+ channel distribution observed here. Electron micrographs of isolated Necturus taste cells show that the microvilli become partially reabsorbed in the isolated cells and could account for, at most, only a 2-to 3-fold increase in membrane at the apical region (14) . In addition, in cells where we measured current apically and basolaterally with the same pipette the capacitance of the apical membrane patch was 1.8 1.2 (mean + SD) times greater than the capacitance of the basolateral membrane patch, which is in good agreement with the morphological data. We also do not believe that the apical labeling procedure could cause the nonuniform distribution of K+ channels by a capping phenomenon, since we have mapped some cells that had an unlabeled, but obvious, apical membrane, and the results were similar to the labeled taste cells. Our results are in agreement with recent findings of McBride and Roper (20) , who observe an increased duration of the action potential when applying Et4N + to the apical surface of intact Necturus lingual epithelium but not to the basolateral surface. These results, taken together with the observed modulation of K+ currents by sour taste stimuli ( Fig. 2; refs. 10, 12) , strongly suggest that K+ current modulation is the mechanism of sour taste transduction.
In this study, all taste cells that were mapped showed the nonuniform distribution of K+ channels. This is perhaps surprising, because it suggests that all taste cells respond to sour taste stimulation. A recent study, however, has shown that "dark" taste cells survive the isolation procedure better than "light" taste cells (21) . It is therefore likely that all taste cells mapped in the present study were dark cells.
Sour transduction by taste receptor cells appears to utilize a general phenomenon, acid attenuation of channel activity (13) . Indeed, it has been shown that citric acid attenuates not only whole-cell K+ current in isolated taste cells but also the Na+ and Ca2+ currents (10) . However, taste cells are able to utilize this general process effectively by placing most oftheir voltage-sensitive K+ channels in the apical membrane while distributing their Na+ channels uniformly. Attenuation of K+ currents would not be an effective transduction mechanism in vivo if the K+ channels were uniformly distributed because the depolarization produced by acid block of that low percentage of the K + channels located apically would be counteracted by the depolarization-induced opening of the great majority of K + channels on the basolateral membrane. The apical K+ channels are active at resting potential ( Fig.  2 ; single-channel data not shown), helping to establish a negative membrane potential near EK. When the channels are closed in the presence of acid, the cells depolarize as the first of a series of transduction events. Presumably Na+ channels in the apical membrane are also affected by sour stimuli, but the great majority of their number is found basolaterally, ensuring that the Na+ current is unaffected during transduction. Because ofthe ability of acids to reduce activity in many types of channels, it is likely that this effect is achieved by titration of residues on the exposed portion of the protein. Nevertheless, recent studies have shown that voltageinsensitive K+ channels in taste cells are blocked by a cAMP-dependent mechanism (6, 7) , and it will be important to determine if this second messenger system modulates the voltage-activated K+ current described here.
